Introduction
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Experimental Set up
The burning speed measurements were made in the existing spherical combustion chamber. The spherical chamber consists of two hemispheric heads bolted together to make a 15.4 cm inner diameter sphere. The chamber was designed to withstand pressures up to 425 atm and is fitted with ports for spark electrodes, diagnostic probes, and ports for filling and evacuating it. A thermocouple inserted through in one of the chamber ports was used to check the initial temperature of the gas inside the chamber. A Kistler 603B1 piezo-electric pressure transducer with a Kistler 5010B charge amplifier was used to obtain dynamic pressure vs. time records from which the burning speed was determined.
Ionization probes mounted flush with the wall located at the top and bottom of the chambers were used to measure the arrival time of the flame at the wall and to check for spherical symmetry and buoyant rise.
The spherical vessel is housed in an oven which can be heated up to 500 K.
Liquid fuel is stored in a 115 cc heated pressure vessel and is transferred through a heated line inside the oven to the spherical chamber. Several thermocouples are located on the line from the fuel reservoir to the vessel to monitor temperature of the fuel passageway.
A heated strain gauge (Kulite XTE-190) in the oven is used to measure partial pressure of fuel in the vessel.
The companion cylindrical chamber is made of SAE4140 steel with an inner diameter and length of 133.35 mm. The two end windows are 34.93 mm thick Pyrex with a high durability against pressure and temperature shocks as well as having very good optical properties. A Z-type Schlieren/Shadowgraph ensemble has been set up to visualize the flame propagation. A high speed CCD camera (1108-0014, Redlake Inc.) with a capture rate of up to 8000 frames per second is placed very close to the focal point of the second mirror. Two band heaters and a rope heater wrapped around the cylindrical vessel are used to heat up the inside temperature of the vessel up to 500 K. This chamber is equipped with a heated liquid fuel line system, a pressure strain gauge and thermocouples similar to the spherical vessel. The oven was omitted to permit flame observation for this application.
The gas handling system used with these facilities consists of a vacuum pump for evacuating the system and a valve manifold connected to gas cylinders for preparation of the fuel/oxidizer/diluent mixtures. Partial pressures of the fuel mixtures were measured using Kulite strain gauge pressure transducers in the 0-15 atm range. Two spark plugs with extended electrodes were used to ignite the mixture at the desired location in the chambers. An electronic ignition system controlled by the data acquisition program provides a spark with the necessary energy. The data acquisition program synchronizes the ignition with the dynamic pressure recording and Schlieren/Shadowgraph photography.
The data acquisition system consists of a Data Translations 16 bit data acquisition card, which records the pressure change of the combustion event at a rate of 250 kHz.
The analog to digital converter card receives the pressure signal from the charge amplifier and the signals from the ionization probes. All signals are recorded by a personal computer and an output data file is automatically generated. The output data files include the dynamic pressure and its corresponding time.
The test procedure begins by evacuating the vessel and gas handling system using the vacuum pump. The chamber then is filled with JP-8 vapor to the desired pressure and air is added. The vessel and the fuel tank are at the same temperature during the filling.
After the chamber is filled with the proper mixture, several minutes are allowed for the system to become quiescent before it is ignited. This will prevent any turbulence inside the vessel. Six thermocouples on the liquid line are used to make sure that temperature along the filling line is never below the condensation temperature for JP-8. At least three runs at each initial condition were made to provide a good statistical sample. Based on statistical analysis, it was found that three runs are sufficient to achieve a 95% confidence level. Figure 1 shows the schematic of two combustion chambers. Figure 3 shows the fuel reservoir and heated coil on the line.
Theoretical Model
The theoretical model used to calculate burning speed from the pressure rise in a constant volume chamber is based on one previously developed by Metghalchi and Keck and Rahim et al with some modifications. The burning velocity is calculated by the equation:
Where: Using the volume and energy equations, temperature and mass fraction of burned gas are determined iteratively:
Where: e : Specific internal energy.
E : Total initial energy of gas in the chamber. Q : Energy transfer via heat interaction from boundary layer to the vessel and radiation from burned gas to the wall.
x : Mass fraction burned. The subscripts b and u refer to the burned and unburned gas respectively and subscript b.l. and s refer to boundary layer and isentropic process.
Experimental Results
Gaseous Fuel, methane-air-diluent mixtures:
Measurements have been done for methane-air-diluent (Extra diluent consisting of CO 2 and N 2 will be added to simulate the conditions in an engine) over the pressure range of 1-20 atm and temperature range of 298-650 K for equivalence ratios of 0.8-1.2.
In the approach taken here, the pressure is the primary measurement. A thermodynamic analysis of the pressure time record that was used to calculate laminar burning speeds has been presented in the previous report. The measured values were compared to PREMIX code's theoretical predictions using GRI-Mech 3.0 mechanism. As it was expected, the agreement is very good at high temperature, low pressure condition. GRI-Mech 3.0
predicts higher values at high pressure, low temperature conditions.
Investigation of cracking or wrinkling has been done in the cylindrical chamber. As it has been discussed in the previous section, the flame becomes cellular for stoichiometric methane-air mixtures with initial pressure of 5 atm, at pressures around 7-8 atm.
In Figure 9 , the lean methane-air mixture is at higher pressure (p i K, respectively. Each picture is taken 3 ms after the previous one. As it is shown in the pictures, the flame is smooth and not buoyant till it hits the wall. This supports our assumption in burning speed measurements.
Liquid Fuel, JP8-air mixtures:
Flame pictures of Ethanol and air mixture are shown in Figure 14 . The mixture is stoichiometric and initial temperature is 298 K. Initial pressure is 1 atm. All pictures are shown with 3 ms time difference from their previous one. Ethanol is liquid in room temperature. However, its vapor pressure at room temperature is enough to make a stoichiometric mixture. Figure 14 shows that the flame is smooth and there is no instability till it quenches at the wall. Again there is no sign of buoyancy on the flame.
The final pressure and temperature reach to about 6 atm and 450 K.
• Burning Speed of JP-8
Burning speeds of JP-8 air mixtures at wide range of temperature, pressure and stoichiometric ratio has been measure using the spherical vessel and pressure method. The burning speeds vs. unburned gas temperatures calculated from the pressure records in Figures 16-18 are shown in Figure 19 . The burning speeds are shown along the isentrope and it should be remembered that the pressure is increasing along each isentrope. It can be also observed that by increasing the initial pressure, the burning speed decreases. Some important results are presented in the following.
• Equivalence Ratio
The effect of equivalence ratio on burning speed can be seen in Figures 20-22 . • Autoignition of JP-8
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